Ten strains of an unknown Campylobacter species were isolated from the livers of chickens with spotty liver disease in Australia. The strains were Gram-stain-negative, microaerobic, catalase-and oxidase-positive and urease-negative. Unlike most other species of the genus Campylobacter, most of the tested strains of this novel species hydrolysed hippurate and half of them could not reduce nitrate. All strains showed resistance, or intermediate resistance, to nalidixic acid and most of them were resistant to cephalothin. Examination of negatively stained cells under transmission electron microscopy revealed that they were S-shaped, with bipolar unsheathed flagella. Phylogenetic analyses based on the 16S rRNA gene and the heat shock protein 60 (hsp60) gene sequences indicated that the strains formed a robust clade that was clearly distinct from recognized Campylobacter species. Unusually, they had a DNA G+C content of 27.9 mol%, lower than any previously described Campylobacter species, and they showed less than 84 % average nucleotide identity to the nearest sequenced species. Taken together, these data indicate that the strains belong to a novel Campylobacter species, for which the name Campylobacter hepaticus sp. nov. is proposed. The type strain is HV10 T (=NCTC 13823 T =CIP 111092 T ).
The genus Campylobacter consists of curved, spiral rod-or S-shaped Gram-negative bacteria that are oxidase-positive and microaerophilic with a respiratory type of metabolism (Vandamme & De Ley, 1991) . Campylobacters were first described in 1886 by Theodor Escherich who observed the bacteria from the colons of infants who died of cholera infantum disease, and he named it 'cholera infantum' (Samie et al., 2007) . Campylobacters were then referred to as 'Vibrio-like organisms' until 1963 when the genus name Campylobacter was proposed by Sebald and Vernon based on their shape, low DNA base composition, non-fermentative metabolism and microaerophilic growth requirements (H ebert et al., 1983) . The taxonomic complexity of this genus has risen dramatically and, at the time of writing, the genus consists of 34 species and 14 subspecies (http://www. bacterio.net/). They are found in a wide variety of hosts, such as humans, birds, and farmed and wild animals. Some species, such as Campyolobacter coli, C. jejuni, C. fetus, C. helveticus, C. hyointestinalis, C. lari and C. sputorum, have been associated with diseases (On, 2013) . We have successfully isolated a new bacterium from the livers of commercial chickens suffering from spotty liver disease (SLD). Samples were derived from different farms in Australia. SLD is a disease that occurs mainly in layer chickens, particularly freeranging birds but also less commonly in barn and cage birds and parent stock. It is characterized by multiple grey/white spots in the liver, loss of egg production and an increase in mortality (Grimes & Reece, 2011) . We propose the name Campylobacter hepaticus sp. nov. for this newly characterized bacterium. It is likely that this bacterium is similar to that isolated by Crawshaw et al. (2015) . This paper describes the isolation, biochemical, structural and molecular characteristics of this bacterium, confirming that it is a novel Campylobacter species.
Isolates of the novel species were recovered from the livers of SLD-affected birds from five layer flocks. Briefly, livers were collected in Stuart's transport medium (Oxoid). Portions of the livers were aseptically macerated in 5 ml tubes containing modified Preston broth (Crawshaw et al., 2015) . The tubes were incubated at 37 C in microaerobic conditions for 2 days. Following pre-enrichment, samples were plated onto Brucella agar with 5 % horse blood (HBA) and incubated under the same conditions as above. The plates were examined after 3 and 7 days of incubation. The suspected Campylobacter colonies (Gram-stain-negative and oxidase-positive) were subcultured on HBA to obtain pure cultures for storage. Eighteen isolates were recovered from 27 liver samples from five different flocks. Of the nine liver samples from which isolates were not recovered, seven failed because of gross contamination of the primary isolation plate and on two culture attempts nothing was recovered. For more detailed identification, we selected 10 isolates, two from each SLD-affected flock (HV10 T , DisRed, D4, 4L, 12L, 17L, 19L, 22L, 27L and 29L) , representing different farms and different regions in Australia (Victoria and Queensland states), thereby representing a geographically and epidemiologically independent set of isolates. A wide range of biochemical tests, DNA sequencing and electron microscopy, as suggested and listed by Ursing et al. (1994) , were used to characterize the isolates and to confirm that they represent a novel species.
The 16S rRNA gene sequences of the isolates were generated to determine the phylogenetic position of this taxon. Primers with the sequences (5¢-3¢) AGTTTGATCCTGGC TCAG and ACGGTACCTTGTTACGACTT were used to amplify 16S rRNA gene sequences (Hunt et al., 2013) . The 16S rRNA gene sequences obtained were compared with those in the National Center for Biotechnology Information (NCBI) GenBank database using the megaBLAST algorithm. The 16S rRNA gene sequences obtained from NCBI for Campylobacter reference sequences and the 16S rRNA gene sequences of the novel species were aligned using Clone Manager 9 (Scientific & Educational Software). A phylogenetic tree was reconstructed in MEGA6 (Tamura et al., 2013) using the neighbour-joining method; all sequences were 1436 bp long. Bootstrap analysis was performed with 1000 resampled datasets. Sequencing revealed that the novel strains shared identical 16S rRNA gene sequences with Campylobacter sp. FARM4 2011/1, isolated from England (Crawshaw et al., 2015) . This latter strain shared 98.54 % 16S rRNA gene sequence similarity with other Campylobacter species with validly published names with the closest species being C. coli. A 16S rRNA gene sequence similarity of 98.65 % can be used as the threshold for differentiating two species (Kim et al., 2014) , and therefore this bacterium is qualified as representing a novel species. Furthermore, the neighbour-joining dendogram ( Fig. 1 ) indicated that the strains formed a robust clade (100 % bootstrap support) that was clearly distinct from other Campylobacter species.
To further investigate the phylogenetic relationship of the new Campylobacter isolates, another phylogenetic tree was built based on the heat shock protein 60 (hsp60) gene sequences, as the level of interspecies sequence variation of this gene is greater than that of the 16S rRNA gene, and therefore can provide better resolution for species classification (K€ arenlampi et al., 2004) . Partial hsp60 gene sequencing was performed as described by Debruyne et al. (2009) and further analysis was performed as for the 16S rRNA gene described above. The partial hsp60 gene sequence, of 555 bp, from four strains of the novel species was used to generate the phylogenetic tree. The strains tested had identical hsp60 gene sequences, and interspecific sequence similarities were no higher than 90 %. As seen in the 16S rRNA gene phylogenetic tree, the strains formed a robust clade that was distinct from recognized Campylobacter species (Fig. 2) . The 16S rRNA and hsp60 gene sequences of the type strain (HV10 T ) have been deposited in GenBank under accession numbers KU886019 and KU886020, respectively.
Whole genome sequence data were obtained from the proposed type strain, HV10 T , and three other strains. Genomic DNA was extracted using an Isolate II genomic DNA kit (Bioline). The genomic library preparation was performed using the Nextera XT DNA Library Preparation Kit and sequenced using Illumina MiSeq with 2Â300 bp paired-end reads. The A5-miseq pipeline was used to assemble the genome (Coil et al., 2015) . This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession LUKK00000000. The version described in this paper is version LUKK01000000. The draft genome sequence of strain HV10 T indicated a genome size of 1 482 384 bp with a DNA G+C content of 27.9 mol%; this is lower than the DNA base composition range of 29-47 mol% G+C previously reported for the genus Campylobacter (Debruyne et al., 2008) . The chromosome is predicted to contain 1520 ORFs of which 1471 are protein coding sequences and 49 are predicted rRNA genes. The average nucleotide identity (ANI) can be used an alternative to DNA-DNA hybridization (Konstantinidis & Tiedje, 2005) . It has been suggested that an ANI value of less than 95 % indicates the compared samples are from different species. The ANI calculations (Goris et al., 2007) were carried out using the ANI calculator (http://enve-omics.ce. gatech.edu/ani/). The results indicate that the four novel strains are highly similar, with ANI values of greater than 99 %, and are distinct from other Campylobacter species, with ANI values of less than 84 % (Table 1) .
A wide range of biochemical tests were performed to characterize the isolates, using previously described methods (Nakari et al., 2008; On & Holmes, 1991 , 1992 Ursing et al., 1994) . All tests were performed at least twice with C. jejuni 81116 (NCTC 11828), C. coli NCTC 11366 and Enterococcus cecorum 20L (RMIT collection) used as controls. The biochemical characteristics tested included a Gram-stain reaction, motility test using the hanging drop method, catalase, oxidase and urease production tests, hydrolysis of hippurate and indoxyl acetate, reduction of nitrate, H 2 S production in triple-sugar iron agar, requirement for H 2 , growth at 25, 37 and 42 C under microaerobic conditions, growth under aerobic and anaerobic conditions on 5 % blood agar at 37 C, NaCl, glycine, bile, triphenyltetrazolium chloride, metronidazole and cefoperazone tolerance, growth on nutrient and MacConkey agars, and antibiotic susceptibility tests (nalidixic acid and cephalothin) by the disc diffusion method. A comparison of the characteristics of the novel species with other closely related species of the genus Campylobacter is presented in Table 2 . Unlike most other species of the genus Campylobacter, most of the 10 strains of this novel species hydrolysed hippurate and half of the strains could not reduce nitrate.
Morphological characteristics of four of the novel strains were determined by transmission electron microscopy. Cells were grown on HBA for 60 h and resuspended in 0.1 M PBS. Droplets (20 µl) of bacterial suspensions were placed on a sheet of Para film and Formvar carbon-coated grids were floated on them for 10 min. Grids were then blotted dry and placed onto a drop of 2 % (v/v) phosphotungstic acid (pH 6.6) negative stain for 1 min. Grids were placed onto a drop of water to wash and blotted dry and viewed using a JEOL1010 microscope. Cells were S-shaped, with bipolar unsheathed flagella (Fig. 3) .
Based on whole genome sequence analysis this proposed novel species of Campylobacter is most closely related to C. jejuni but is quite distinct based on DNA G+C content which, at 27.9 mol%, is clearly lower than any other reported Campylobacter species. The proposed novel species has similar biochemical properties to C. jejuni but can be differentiated by a lack of a-haemolytic activity and is variably able to hydrolyse hippurate and reduce nitrate. Data for the reference taxa were taken from On et al. ( , 1996 Cells are Gram-stain-negative, S-shaped, 0.3-0.4 µm wide and 1.0-1.2 µm long after 3 days of incubation on HBA in a microaerophilic atmosphere at 37 C. Colonies are wet and cream-coloured; some are convex while others are flat and spreading. They vary in size and morphology after long incubation times. Cells are coccoid after 12 days of incubation. Non-haemolytic. Cells are motile and possess a single flagellum at both poles. They are catalase-and oxidase-positive and urease-negative. Strains may differ in their ability to reduce nitrate or hydrolyse hippurate. The type strain hydrolyses hippurate but does not reduce nitrate. Hydrogen sulphide is not produced in triple-sugar iron medium. All strains hydrolyse indoxyl acetate. No growth under aerobic conditions at 37 C, under anaerobic conditions at 37 C or under microaerobic conditions at 25 C. All are able to grow at 37 and 42 C microaerobically. Does not require hydrogen to grow. All strains can grow on nutrient agar without blood, but most of them cannot grow on MacConkey agar. Strains grow on blood agar medium supplemented with 1 % glycine, 1 % bile and metronidazole (4 mg l À1 ) and grow weakly on 0.04 % 2,3,5-triphenyltetrazolium chloride. All strains are resistant or show intermediate resistance to nalidixic acid (30 µg per disc) and most of them are resistant to cephalothin (30 µg per disc) by disc diffusion tests. This novel species has been isolated from birds with SLD and is likely to be pathogenic to chickens, but pathogenicity to humans is unknown.
The type strain, HV10 T (=NCTC 13823 T =CIP 111092 T ), was isolated from the liver of a chicken with SLD in 2015.
The DNA G+C content of the type strain is 27.9 mol%. 
